Introduction {#S0001}
============

Insulin resistance is a status impaired metabolic actions of insulin and is considered a key factor in the pathophysiology of metabolic syndrome, including type 2 diabetes mellitus[@CIT0001] However, the epidemiological characteristics of type 2 diabetes differ among ethnic groups in various regions; for instance, a lower degree of obesity at a younger age, longer periods with chronic complications, and earlier death have been observed in Asians.[@CIT0002],[@CIT0003] In addition to ethnic differences in insulin resistance, a greater prevalence of type 2 diabetes has been reported in some Asian populations[@CIT0002]

Variations in insulin sensitivity can be observed during puberty or pregnancy as part of the normal life cycle, but insulin sensitivity is markedly influenced by various factors, including obesity, age and physical inactivity.[@CIT0004]--[@CIT0006] Some studies have also suggested that glucose tolerance decreases with age in relation to fatness[@CIT0007]

Several simple surrogate indices have been used to assess whole-body insulin sensitivity in vivo, such as the quantitative insulin sensitivity check index, homeostasis model assessment of insulin resistance (HOMA-IR) and Matsuda index, but the hyperinsulinemic-euglycemic clamp is generally considered the gold standard.[@CIT0002],[@CIT0008] Because the hyperinsulinemic-euglycemic clamp is time consuming, laborious and expensive, estimating insulin sensitivity through the glucose disposal rate (GDR or M-value) by the clamp study and its reference range is limited in practice, especially for high-dose insulin infusions in East Asians, including Koreans[@CIT0001] Therefore, in this study, we evaluated the M-values and explored the correlated factors and contributing effects of age on insulin sensitivity in healthy, non-diabetic, Korean, male subjects.

Methods {#S0002}
=======

Study population and design {#S0002-S2001}
---------------------------

Healthy, non-diabetic, male subjects who were 19--29 years of age (the young group) and 50 −70 years of age (the elderly group) were eligible for this study if their body mass index (BMI) was 18.5--25.0 for the young group and 18.5--29.0 for the elderly group. A medical history assessment, physical examination, 12-lead electrocardiogram and clinical laboratory testing were performed for the screening test. This study was conducted in accordance with the principles of the Korean Good Clinical Practice and the Declaration of Helsinki. The Institutional Review Board of Gachon University Gil Medical Center approved this research protocol and the informed consent form for this study (GCIRB2016-226, GBIRB2015-326). This research was registered in a publically accessible primary register (Clinical Research Information Service, KCT0003156, 30/08/2019). All subjects provided voluntary written informed consent after receiving a full explanation of this study.

Subjects who passed the screening test underwent an oral glucose tolerance test (OGTT) within 3 weeks. During the OGTT, the serum glucose, insulin and C-peptide levels were measured following ingestion of a 75-g glucose load (Gluorange; Korea Mcnulty's Co. Ltd., Hwaseong, Korea) after a 10-hour overnight fast. If the serum glucose level was ≥200 mg/dL, the subject was excluded from the hyperinsulinemic-euglycemic clamp study. After the OGTT, the body composition was evaluated based on the fat mass, fat-free mass (FFM), skeletal muscle mass, percent body fat and waist--hip ratio (WHR) using a multifrequency impedance plethysmograph body composition analyzer (InBody 720; Biospace, Seoul, Korea). The plasma glucagon and total/active glucagon-like peptide-1 (GLP-1) levels were also determined in 10 subjects in the elderly group.

Hyperinsulinemic-euglycemic clamp testing after a 10-hr fast was performed within 1 week following the OGTT. An intravenous (IV) catheter for blood sampling was inserted into the right antecubital vein with a warm pad for arterialization of venous blood, and a second IV line for insulin and glucose infusion was placed in the left antecubital vein. During clamp testing, insulin (Humulin R; Eli Lilly and Co., Indianapolis, IN, USA) was infused at a rate of 10 mU/m^2^·min for 100 min, and then a high dose of insulin (80 mU/m^2^·min) was applied for 100 mins to suppress hepatic glucose production. A 20% dextrose solution was administered, and the plasma glucose levels were measured every 5 mins. During the last 20 mins at steady state, the plasma glucose level was maintained at 90--99 mg/dL for calculation of the GDR.

Bioanalytical assessment {#S0002-S2002}
------------------------

The plasma glucose concentration during clamp was determined by the glucose oxidase method using the Stat Plus glucose analyzer (Yellow Springs Instruments, OH, USA). The detection range was 0--900 mg/dL with an inter-assay precision of ±2%. The serum insulin and C-peptide levels were measured using a two-site sandwich immunoassay with direct chemiluminescent technology (ADVIA Centaur XPT; Siemens Healthineers, Erlangen, Germany). The detection ranges were 0.5--300 mU/L for insulin and 0.05--30 ng/mL for C-peptide, and the precision was 6.3--7.5% and 5.1--6.2%, respectively. Blood samples for the measurements of GLP-1, glucagon, glucose-dependent insulinotropic polypeptide (GIP) were collected in vacutainer tubes containing a protease inhibitor cocktail including dipeptidyl peptidase-4 inhibitors (P800, Becton Dickinson, Franklin Lakes, NJ, USA). Tubes were immediately placed on ice and centrifuged at 3,000 g for 10 mins at 4°C. Other plasma and serum isolations were performed as usual to assess additional neurohormonal and metabolic profiles. Plasma and serum were stored in a deep freezer at −80°C until analyses. Plasma levels of active GLP-1 and total GIP were measured by using commercial ELISA kits (EMD Millipore, St. Charles, MO, USA), respectively. The active GLP-1 assay kit detects specifically both 7-36-amide GLP-1 and 7-37 GLP-1, with no cross-reactivity with other forms of GLP-1, and proglucagon-derived peptides. Detection limit for active GLP-1 was 2 pM and all values were above the limit of detection. Plasma glucagon level was quantified by using an ELISA kit from Mercodia, which used one C-terminal and one N-terminal antibody to eliminate cross-reactivity to any other proglucagon-derived peptides.

Statistical analysis {#S0002-S2003}
--------------------

Baseline demographic and clinical data are presented as the mean ± SD with the coefficient of variation according to the age group. We investigated the factors that affected insulin sensitivity based on differences in demographic factors and relationships between clinical laboratory variables and the M-value. The Mann--Whitney U test was performed to specify significant differences in demographic and baseline clinical characteristics between the young and elderly age groups. To evaluate the relationships between the glucagon and GLP-1 levels with insulin sensitivity, the areas under the plasma concentration curve (AUC) for glucagon and total/active GLP-1 were calculated using the linear trapezoidal method. Pearson's correlation coefficients were calculated to measure the strength of the linear associations between various variables and the M-value. If the variables were not normally distributed, the non-parametric Spearman's correlation test was used to determine the degree of association between two variables. The statistical analyses were performed using the SPSS 22.0 (IBM Corporation, Armonk, NY, USA) statistical software. Statistical significance was considered at *P*\<0.05.

Results {#S0003}
=======

Demographics and baseline characteristics {#S0003-S2001}
-----------------------------------------

A total of 40 subjects were screened for this study, including 18 subjects in the young age group and 22 subjects in the elderly age group. Fifteen of the 18 subjects in the young group and 21 of the 22 subjects in the elderly group passed the screening tests and underwent the OGTT. Two subjects in the young group and seven subjects in the elderly group were excluded from the clamp study due to high levels of 2-hour glucose level (≥140 mg/dL) on the OGTT. Regarding the risk of impaired glucose tolerance, the failure rate of the OGTT was 13.3% (2/15) in the young group and 33.3% (7/21) in the elderly group. No significant difference was observed between age groups (*P*=0.252). Ultimately, hyperinsulinemic-euglycemic clamp testing was completed, and assessable M-values were obtained for 10 subjects in the young group and 13 subjects in the elderly group.

In subjects for whom an M-value was reported, the mean ± SD ages and BMI in the young and elderly groups were 23±3 and 57±7 years and 22.6±1.3 and 23.2±1.3 kg/m^2^, respectively. The BMI did not significantly differ between the age groups (*P*=0.372). However, the fat-related body composition indices were greater in the elderly group than in the young group, and the fat mass, percent body fat and WHR were higher in the elderly group than in the young group (*P*=0.010, *P*=0.002, and *P*=0.010, respectively). The detailed demographic data are presented in [Table 1](#T0003){ref-type="table"}.Table 1Baseline demographic and clinical characteristics of subjects who completed the hyperinsulinemic euglycemic clampYoung group (n=10)^a^Elderly group (n=13)^a^*P*-value^b^Age (year)23±3 (13.1)57±7 (11.5)\<0.001Body weight (kg)69.2±7.7 (11.1)67.1±3.5 (5.2)0.445BMI (kg/m^2^)22.6±1.6 (7.3)23.2±1.3 (5.6)0.372Fat mass (kg)12.0±2.9 (24.4)15.9±3.5 (21.9)0.010Fat free mass (kg)57.1±6.6 (11.5)51.2±3.2 (6.3)0.021Skeletal muscle mass (kg)32.2±3.7 (11.6)28.5±2.0 (7.1)0.006Body fat (%)17.3±3.6 (20.5)23.7±4.5 (19.1)0.002Waist--hip ratio0.84±0.05 (5.5)0.89±0.04 (4.1)0.010[^2][^3][^4]

Liver function tests and lipid profiles, including gamma-glutamyltransferase, total cholesterol, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol and hemoglobin A1c (HbA1c), showed differences between the age groups: specifically, the HDL-C level was higher and the other test results were lower in the young group than in the elderly group ([Table 2](#T0004){ref-type="table"}).Table 2Baseline clinical characteristics and parameters of insulin sensitivity under hyperinsulinemic euglycemic clamp at 80 mU/m^2^·minParametersYoung group (n=10)^a^Elderly group (n=13)^a^*P*-value^b^Baseline insulin (mU/L)10.8±6.0 (55.8)8.3±3.2 (39.0)0.250Baseline C-peptide (ng/mL)1.2±0.5 (38.6)1.2±0.2 (20.5)0.721Fasting glucose (mg/dL)93.0±6.6 (7.1)95.4±6.1 (6.4)0.380Glucose (mg/dL) at 2 hours during OGTT104.4±15.2 (14.6)106.2±29.7 (28.0)0.867AST (U/L)22.6±9.2 (40.7)26.8±11.2 (41.8)0.351ALT (U/L)21.0±16.4 (78.1)22.2±9.5 (42.6)0.823ALP (U/L)68.1±33.7 (49.5)62.7±12.9 (20.6)0.640GGT (U/L)17.0±4.8 (28.1)31.8±13.6 (42.7)0.002Total cholesterol (mg/dL)165.0±28.6 (17.3)198.4±29.5 (14.9)0.013TG (mg/dL)96.7±49.6 (51.3)115.5±51.9 (44.9)0.391HDL (mg/dL)64.6±10.8 (16.7)51.3±10.1 (19.7)0.006LDL (mg/dL)89.9±24.1 (26.8)123.2±13.6 (42.7)0.005HbA1c (%)5.2±0.2 (3.6)5.4±0.3 (5.2)0.029M-value\
(mg/kg body weight·min)10.8±3.6 (32.8)9.9±2.7 (27.5)0.458M-value\
(mg/kg FFM· min)13.1±4.1 (31.3)12.9±3.5 (27.3)0.900Matsuda index6.4±2.7 (43.0)5.2±1.6 (29.8)0.248HOMA-IR1.6±0.6 (39.7)1.3±0.3 (23.7)0.185[^5][^6]

Insulin sensitivity {#S0003-S2002}
-------------------

The M-value was expressed according to the body weight and FFM. The M-values normalized by body weight (M~BW~) for insulin sensitivity were 10.8±3.6 mg/kg·min in the young group and 9.9±2.7 mg/kg·min in the elderly group. In addition, the FFM-normalized M-values (M~FFM~) were 13.1±4.1 mg/kg FFM·min in the young group and 12.9±3.5 mg/kg FFM·min in the elderly group. The M-values normalized by both body weight and FFM were comparable between the two age groups (*P*=0.458 for body weight and *P*=0.900 for FFM). The HOMA-IR and Matsuda index were 1.6±0.6 and 6.4±2.7 in the young group and 1.3±0.3 and 5.2±1.6 in the elderly group, respectively. No differences according to the age group were observed (*P*=0.185 for the HOMA-IR and *P*=0.248 for the Matsuda index).

Regarding the relationships with insulin sensitivity, a remarkable inverse correlation was found between the M~FFM~ and baseline insulin (*r*=−0.418, *P*=0.047), baseline C-peptide (*r*=−0.426, *P*=0.043), and 2-hour glucose in the OGTT (*r*=−0.452, *P*=0.030) for age ranges ([Figure 1](#F0001){ref-type="fig"}). In each individual age group, these negative correlations with baseline insulin and 2-hour glucose in the OGTT were significant in the elderly group; however, no significant correlation between those clinical parameters and M~FFM~-value was found in the young group ([Table 3](#T0005){ref-type="table"}). With respect to the M~BW~, only baseline C-peptide showed a significant inverse correlation (*r*=−0.435, *P*=0.038). In the elderly group, baseline insulin (*r*=−0.593, *P*=0.033), baseline C-peptide (*r*=−0.557, *P*=0.048), and 2-hour glucose in the OGTT (*r*=−0.568, *P*=0.043) were correlated with the M~BW~; however, the correlations were non-significant in the young group.Table 3Correlation of M-value normalized by fat-free masswith insulin, C-peptide and 2-hour glucose in oral glucose tolerance test according to age groupsParametersYoung group (n=10)Elderly group (n=13)Total (n=23)**Baseline insulin** *r*−0.353−0.619−0.418 *P*-value^a^0.3180.0240.047**Baseline C-peptide** *r*−0.400−0.520−0.426 *P*-value^a^0.2520.0690.043**Two-hour glucose level during oral glucose tolerance test** *r*−0.167−0.627−0.452 *P*-value^a^0.6440.0220.030[^7] Figure 1Inverse relationship of M-value normalized by FFM with (**A**) baseline insulin (*r*=−0.418, *P*=0.047), (**B**) baseline C-peptide (*r*=−0.426, *P*=0.043) and (**C**) glucose at 2 hours during OGTT (*r*=−0.452, *P*=0.030).**Abbreviations:** FFM, fat-free mass; OGTT, oral glucose tolerance test.

Regarding correlations with other insulin sensitivity indices, the M-values were positively associated with the Matsuda index (*r*=0.492, *P*=0.017 for M~BM~ and *r*=0.437, *P*=0.037 for M~FFM~). Conversely, no significant correlation was observed with the HOMA-IR (*r*=−0.302, *P*=0.162 for M~BM~ and *r*=−0.330, *P*=0.124 for M~FFM~).

Discussion {#S0004}
==========

In this study, factors that might be associated with insulin sensitivity were evaluated according to age group, and a reference range for the M-value was estimated through hyperinsulinemic-euglycemic clamp under high-dose insulin infusion (80 mU/m^2^·min) in healthy, non-diabetic, Korean subjects. The use of a high insulin dose was expected to have some benefits, including full suppression of endogenous glucose production and time and cost-effectiveness[@CIT0001]

After hyperinsulinemic-euglycemic clamp testing with an insulin dose of 80 mU/m^2^·min, the mean M-values were 13.0 mg/kg·min for FFM and 10.3 mg/kg·min for body weight in healthy Korean subjects. These M-values were similar or slightly higher than the GDRs in Caucasians, and the minimum values in Koreans were above the cut-off value for insulin resistance suggested in Caucasians.[@CIT0001],[@CIT0005] A higher insulin sensitivity was in East Asians was reported previously, which might be related to a lower visceral fat content or functional insulin secretion compared to those of other ethnic groups, including Caucasians and Africans.[@CIT0009],[@CIT0010] Additionally, the healthy Koreans in this study had lower BMIs than non-diabetic Caucasians. Because the BMI was negatively correlated with the GDR, the differences in the average BMI between ethnic groups might contribute to the differences in insulin sensitivity.[@CIT0009],[@CIT0011] This high sensitivity for the maintenance of a normal glucose range could be one cause leading to the relatively early onset of type 2 diabetes in East Asians, because even a small defect in insulin action or sensitivity can easily cause a hyperglycemic status[@CIT0009]

In several studies, aging was associated with a decreased FFM and increased abdominal fat[@CIT0012] Inverse relationships were reported between age and insulin sensitivity, which were most likely due to increased adiposity or physical inactivity related to age[@CIT0013] The present results in healthy Korean subjects demonstrated a similar tendency; the elderly group had a reduced skeletal muscle mass, increased fat composition and generally elevated cholesterol profile compared to those of the young group. However, although demographic differences were present between the age group, these age-related demographic factors did not demonstrate a significant difference or correlation with the M-values obtained from hyperinsulinemic-euglycemic clamp between the age groups. In addition, the failure rate of OGTT was seem to be higher in elderly group, the difference was not statistically insignificant These results support the idea that insulin sensitivity may not be determined by age-related factors, such as fat or muscle changes, under normal conditions.[@CIT0005],[@CIT0014] In addition, elderly subjects who showed impaired glucose tolerance in the OGTT were included in previous studies of age-associated insulin resistance[@CIT0004] However, only subjects with a normal glucose tolerance (a serum 2-hour glucose concentration \<140 mg/dL during the OGTT) participated in our study. As a result, age itself was not an independent risk factor for insulin resistance in BMI-matched healthy subjects with normal glucose tolerance on OGTT.

We investigated factors related to insulin sensitivity through correlations with M-values. Among the tested parameters, the baseline insulin, baseline C-peptide and 2-hour glucose level in the OGTT inversely correlated with the M~FFM~. Inverse correlations between these parameters and the M~BW~ were also observed, although significant correlations were only found for the baseline C-peptide level ([Table S1](#ST0001)). Because the FFM, which is mainly composed of muscle, is independently associated with glucose homeostasis and the pathogenesis of metabolic syndrome, a stronger significant correlation was found for M~FFM~[@CIT0015] From the perspective of the clinical meaning of insulin sensitivity, these inverse correlations reflect the efficacy of insulin for maintenance of a normal glucose range[@CIT0016] As a simple indirect indicator of insulin resistance, the usefulness of fasting insulin and C-peptide was suggested in asymptomatic subjects.[@CIT0017],[@CIT0018] Additionally, plasma glucose at 2 hours in the OGTT is considered one criterion for diagnosing diabetes or prediabetes[@CIT0019] As a result, the baseline insulin, baseline C-peptide and 2-hour glucose level in the OGTT could be useful markers for insulin sensitivity in clinical practice, especially the M~FFM~ in subjects with normal physiology.

Indirect indices of insulin sensitivity, including the HOMA-IR and Matsuda index, showed some correlations with the M-values during hyperinsulinemic-euglycemic clamp.[@CIT0002],[@CIT0020] However, because ethnicity can affect the consistency of these simple markers, their utility in clinical practice is limited[@CIT0020] In the present study, of the two simple markers, the Matsuda index was a relevant surrogate index of insulin sensitivity based on the correlation derived from glucose clamp. In several previous reports, the HOMA-IR was correlated with the M-value[@CIT0002] However, the correlation between the HOMA-IR and M-value was weak or absent in East Asians, and the validity of the HOMA-IR was insufficient according to the BMI range.[@CIT0020],[@CIT0021] Because it is also associated with β-cell dysfunction, the HOMA-IR had limited ability to estimate insulin sensitivity for subjects with a lower BMI and a higher fasting glucose level[@CIT0021] In this study, when the HOMA-IR was calculated in homogenous, non-obese, and BMI-matched subjects with normal glucose tolerance, no significant relationship was observed between the HOMA-IR and the M-values. As a more precise and accepted clinical practice in East Asians, the Matsuda index may be a preferable method to screen asymptomatic insulin-resistant patients. In addition to these markers, we explored the ability of novel candidates to predict insulin sensitivity. However, glucagon- and GLP-1-related parameters, such as the baseline level, maximum or minimum concentration and AUC, did not show any significant correlations with the M-values in healthy subjects ([Table S2](#ST0002)). And, the insulinogenic index was also evaluated related to 2-hour glucose level in the OGTT considering insulin secretion, but no significant correlation was observed.

Although the findings about the characteristics of insulin sensitivity in Koreans were significant, this study had some limitations. First, only a small number of healthy male subjects were included in our study. These subjects contributed to the homogeneity and consistency of the data for the evaluation of the insulin sensitivity characteristics in subjects with normal physiology. However, females are known to be more insulin sensitive, and a larger scale clinical study including females and patients with various degrees of insulin resistance is required prior to clinical application[@CIT0013] Second, the effect of BMI on insulin sensitivity might be expected; however, because the BMI range was narrow in this study, the ability to determine the effect of BMI on the GDR was limited.

Conclusion {#S0005}
==========

Age was not an independent determinant for insulin sensitivity in hyperinsulinemic-euglycemic clamp at an insulin dose of 80 mU/m^2^·min. The baseline insulin, baseline C-peptide and 2-hour glucose level in the OGTT were suggested to be possibly associated markers for insulin sensitivity even under normal glucose tolerant conditions in Koreans.
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Table S1Correlation of M-value normalized by body weight with insulin, C-peptide and 2-hour glucose in OGTT according to age groupsParametersYoung group (n=10)Elderly group (n=13)Total (n=23)^a^**Baseline insulin** *r*−0.344−0.593−0.360 *P*-value^a^0.3300.0330.092**Baseline C-peptide** *r*−0.418−0.557−0.435 *P*-value^a^0.2290.0480.038**Two-hour glucose level during oral glucose tolerance test** *r*−0.173−0.568−0.395 *P*-value^a^0.6340.0430.062[^8] Table S2Glucagon and GLP-1 related parameters during OGTTParametersYoung group^a^Old group (n=10)^a^Correlation with M~BW~-value^b^Correlation with M~FFM~-value^b^Baseline glucagon (pmol/L)--8.8±6.3 (71.8)0.011 (0.976)−0.030 (0.935)C~min~ of glucagon (pmol/L)--2.8±2.7 (97.2)0.137 (0.707)0.089 (0.807)AUC of glucagon (pmol·h/L)--547.3±450.6 (82.3)−0.030 (0.934)−0.006 (0.987)Baseline active GLP-1 (pmol/L)--7.8±7.2 (92.6)−0.455 (0.187)−0.503 (0.138)C~max~ of active GLP-1 (pmol/L)--11.9±9.1 (76.5)−0.079 (0.829)−0.152 (0.676)AUC of active GLP-1 (pmol·h/L)--1118.9±783.6 (70.0)−0.152 (0.676)−0.212 (0.556)Baseline total GIP (pmol/L)--23.6±18.5 (78.1)0.304 (0.393)0.292 (0.413)C~max~ of total GIP (pmol/L)--415.2±173.6 (41.8)0.361 (0.305)0.420 (0.226)AUC of total GIP (pmol·h/L)--38,351.9±16,783.0 (43.8)0.248 (0.489)0.224 (0.533)[^9]

[^1]: These authors contributed equally to this work

[^2]: **Notes:** ^a^Values are presented as arithmetic mean ± SD (CV, %).

[^3]: ^b^*P*\<0.05 was considered significantly different between the two age groups.

[^4]: **Abbreviations:** BMI, body mass index; CV, coefficient of variation; OGTT, oral glucose tolerance test.

[^5]: **Notes:** ^a^Values are presented as mean ± SD (CV, %). ^b^*P*\<0.05 was considered significantly different between two age groups.

[^6]: **Abbreviations:** ALT, alanine transaminase; AST, aspartate transaminase;  CV, coefficient of variation; GGT, gamma-glutayltransferase; HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; HOMA-IR, homeostasis model assessment of insulin resistance; LDL, low-density lipoprotein; FFM, fat-free mass; OGTT, oral glucose tolerance test; TG, triglyceride.

[^7]: **Note:** ^a^Significant correlation was considered at *P*\<0.05.

[^8]: **Note:** ^a^Significant correlation was considered at *P*\<0.05

[^9]: **Notes:** ^a^Plasma levels of glucagon, active GLP-1, and total GIP were measured in 10 subjects in the elderly group. ^b^Values are presented as correlation coefficient (*P*-value) and significant correlation was considered at *P*\<0.05.

    **Abbreviations:** GIP, glucose-dependent insulinotropic polypeptide; GLP-1; glucagon-like peptide-1, OGTT, oral glucose tolerance.
